that DNA damage increases expression of the proapoptotic gene egl-1, a response that requires hus-1 and the p53 homolog cep-1. Conclusions: Our findings suggest that the RAD-5 checkpoint protein is not required for HUS-1 to relocal- germline apoptosis is not determined by lineage and can
be regulated by multiple pathways. We have previously demonstrated that C. elegans is an excellent genetic tool that can be used to understand DNA damage-induced cell cycle arrest and apoptosis [9, 10]. DNA damagemediated apoptosis is dependent on ced-3 and ced-4 and is negatively regulated by ced-9. The positive death regulator, egl-1, is partially required, but it is not essential for radiation-induced apoptosis. Recently, three C. elegans checkpoint mutants, op241, rad-5(mn159), and mrt-2(e2663), have been identified that block DNA damage-induced apoptosis and cell cycle arrest [9, 11]. It is unclear how these checkpoint genes regulate the apoptotic machinery. One possibility is by means of a p53 homolog, cep-1, which is required for DNA damage-induced germ cell death but not cell cycle arrest [12, 13].
Here we show that op241 is a hypomorphic allele in the C. elegans homolog of the S. pombe hus1 ϩ checkpoint gene. hus-1 mutants fail to induce apoptosis and proliferation arrest following DNA damage and show increased sensitivity to DNA damage-induced lethality. Using a newly identified candidate null allele, we show that hus-1 function is also required for telomere length maintenance. HUS-1 is a nuclear protein that is expressed in early embryos and the adult germlines and relocalizes to putative sites of DNA damage. Finally, we demonstrate that DNA damage induces the proapoptotic gene egl-1. This is dependent on hus-1 and the p53 homolog, cep-1.
Results

Identification of Mutations in C. elegans hus-1
We have previously described mutants defective in cell cycle arrest and apoptosis induced by DNA damage [9, 10]. Included in this group was the mutation op241, originally identified in a strain containing the him-7(e1480) mutation and later named dam-1(op241) (DNA damage response) [9, 10]. We mapped op241 to a 2.1-cM interval, between stu-4 and unc-11, on the left side of chromosome I ( Figure 1A ). An in silico search for candidate genes in this interval identified H26D21.1, a homolog of the S. pombe gene hus1 ϩ . Sequence analysis of H26D21.1 from op241 revealed a G to A transition at base pair ϩ296, resulting in a G to D substitution at amino acid 99. Because of the high sequence conservation between H26D21.1 and hus-1 homologs from other species, we renamed this gene hus-1.
In an independent reverse genetic screen for deletions in C. elegans homologs of known checkpoint genes, we recovered a single hus-1 allele, op244. The op244 allele is a 729-bp deletion that removes the last two exons and most of the 3Ј untranslated region of hus-1 (bp incompletely penetrant maternal effect embryonic leinteracted comparably with F56D12.5 and K12H4.1 (Figure 2A) . These findings suggest that the op241 mutation thality (Table 1) . Complementation tests confirmed that op241 and op244 are allelic (see the Experimental Prodoes not completely abolish the structural integrity of the mutant protein but specifically compromises a procedures). An extrachromosomal array (opEx566) of a full-length translational fusion of HUS-1::GFP under the tein interaction domain that is important for association with MRT-2 and PDI-2. Our findings suggest that an control of the hus-1 promoter, which does not express in the germline, fails to rescue both cell cycle arrest and inability to form a HUS-1/MRT-2 complex in vivo compromises the integrity of the DNA damage checkpoint DNA damage-induced apoptosis in op241 ( Figure 1B) . However, a germline-expressing transgene, opIs34, of in op241, thus providing a molecular explanation for this mutation. the same construct fully rescues the DNA damage cell cycle arrest and partially rescues the apoptotic defect of op241 (4.2-fold induction of apoptotic cells in HUS-1 Is a Nuclear Protein that Requires the op241;unc-119;opIs34 animals compared to 1.3-fold inCheckpoint Proteins MRT-2 and HPR-9, duction in op241;unc-119;opEx566 and 8.6-fold inducbut Not RAD-5, for Proper Localization tion in wild-type) ( Figure 1B Figure 3A ). We also observed nuclear GFP gans, including germ cell apoptosis, cell cycle arrest, expression in a subset of somatic cells, particularly proand embryonic lethality [9] . We have previously shown liferating cells, in larvae (data not shown). Rad1, Rad9, that op241 is defective for DNA damage-induced germ and Hus1 form a heterotrimer complex that structurally cell death and cell cycle arrest [9]. We found that the resembles the proliferating cell nuclear antigen (PCNA) op244 allele had more severe defects in both of these trimer [14, 17] . Rad17 is believed to load this complex responses ( Figures 1C, S1A , and S1B; Figure S1 is cononto DNA at or near sites of DNA damage [18] . To detertained in the Supplementary Material available with this mine the role of these interactions in C. elegans, we article online). In addition, op244 is more sensitive to analyzed HUS-1::GFP expression in a mrt-2(e2663) the embryonic lethal effects of ionizing radiation ( Figure  background . Surprisingly, the expression of HUS-S1C).
1::GFP in the germline was greatly reduced and was excluded from the nucleus ( Figure 3A ). Crossing these worms back to wild-type worms restored proper localhus-1(op241) Disrupts a Checkpoint Protein Interaction ization of HUS-1::GFP to the nucleus (data not shown). This reduction of expression is likely due to degradation, The G99D mutation in op241 affects a residue that, while poorly conserved at the primary sequence level, borders possibly as a result of improper localization, rather than transcriptional regulation, as GFP under the control of a helix that has been proposed to interact with S. pombe and human Rad9 proteins (Figure 2A ) [14] . Although C.
the hus-1 promoter (opIs29(pRH04)) was not affected by loss of MRT-2 (data not shown). elegans HUS-1 does not interact with HPR-9, the C. elegans homolog of Rad9, on its own in the two-hybrid
We also analyzed the expression of HUS-1::GFP in a rad-5(mn159) background. RAD-5 is homologous to S. system [15] , in vivo interaction in worms is likely (see below). To analyze the molecular nature of the huscerevisiae Tel2p and is required for germ cell replication and DNA damage checkpoints [9, 11]. HUS-1::GFP local-1(op241) defect, we tested the mutant form of the protein for its ability to interact with four proteins (MRT-2, PDI-2, ization was not different in rad-5(mn159) than in the parental strain ( Figure 3A) , and this finding is consistent K21H4.1, and F56D12.5) that interact with HUS-1 in the yeast two-hybrid system [15] . HUS-1(ϩ) interacted with with evidence that rad-5 acts independently of hus-1 and mrt-2 [11]. Interestingly, HUS-1::GFP levels were these four proteins with varying degrees ( Figure 2B ). In contrast, HUS-1(G99D) is defective for its ability to significantly lower in rad-5(mn159) mutants compared to the parental strain. interact with the conserved checkpoint protein MRT-2, the C. elegans homolog of S. pombe Rad1, and with MRT-2 interacts with HPR-9 in a two-hybrid assay, suggesting that the Rad1/Rad9/Hus1 complex is con-PDI-2, a protein disulfide isomerase homolog, in the yeast-two hybrid system ( Figure 2B) . served in C. elegans [15] . Inhibition of hpr-9 expression via RNAi was sufficient to disrupt HUS-1::GFP localizaFurthermore, HUS-1(G99D) failed to interact with MRT-2 in GST pull-down experiments from transfected tion and expression similarly to a mrt-2 RNAi-positive control, indicating that HPR-9 is also required for HUS-1 cells ( Figure 2C) . However, HUS-1(ϩ) and HUS-1(G99D) 1::GFP nuclear localization is independent of the other HUS-1-interacting proteins that we tested (PDI-2, K21H4.1, and F56D12.5; data not shown). wild-type [20] , early op244 generations produce about 6% males (Table 1) 78% healthy progeny that survive to adulthood (the level worms, six chromosomal bivalents can be observed by DAPI staining of oocytes in diakinesis. In contrast, late of larval lethality was minimal) (Table 1) . Embryonic survival is even lower in later generations. Embryonic surgenerations of op244 mutants often contained fewer than six bivalents. In op244 generations no longer provival of op241 mutants was not significantly different from wild-type worms. Nondisjunction of autosomes ducing viable progeny, only 3-4 bivalents could be seen (
HUS
Figure 5B); consistent with the idea that loss of telocould well explain most or all of the embryonic lethality seen in op244 mutants, although other defects, such as meres led to chromosome fusions. Correspondingly, the incidence of males increases dramatically after several failure to repair endogenous damage, cannot be excluded. Indeed, spontaneous mutations are more fregenerations and gives rise eventually to dominant Him (high incidence of males) strains (data not shown). quent, as measured by an unc-93 reversion assay (see below).
One function of checkpoint genes is to prevent cells with a damaged genome from progressing through the Mutations in the checkpoint gene mrt-2 result not only in a failure to induce apoptosis in response to DNA cell cycle without correcting the DNA lesion. Mutations in genes that repair these lesions or regulate the checkdamage [9], but also in progressive telomere loss, eventually leading to end-to-end chromosome fusion and points that prevent cell cycle progression have been shown to display higher spontaneous mutation frequenaneuploidy [22] . As a consequence of these defects, the brood sizes of mrt-2 mutants decrease over generations cies [23, 24] . Since hus-1 has a checkpoint function, we used the well-characterized unc-93 reversion assay to until the animals become sterile -the Mrt (mortal germline) phenotype from which the gene derived its name. look at spontaneous mutation frequencies in hus-1 worms [25] . We found the spontaneous suppression While early generations of freshly outcrossed op244 mutants have brood sizes similar to wild-type worms, later frequency of unc-93(e1500) worms in our assay to be 1 ϫ 10 Ϫ6 ( Figure 5C ). In two independent hus-1(op244);uncgenerations showed dramatically lower fertility (Table 1) and became sterile after about 15 generations (produc-93(e1500) strains, we found the mutation frequency to be 10-to 20-fold higher than in the control strain ( Figure  ing very few embryos, none of which hatch) . We did not see a Mrt phenotype in op241 mutants kept at 20ЊC 5C). Consistent with this, the appearance of spontaneous mutations has also been observed during strain (Table 1) . However, when grown at 25ЊC, op241 mutants also became sterile after approximately 15 generations, maintenance (data not shown). suggesting that op241 might be a temperature-sensitive allele.
Ionizing Radiation Induces egl-1 Transcript Upregulation in a hus-1-and To test whether the Mrt phenotype of hus-1 mutants was due to telomere loss, we probed Southern blots of cep-1-Dependent Manner In order to determine whether hus-1 is transcriptionally genomic DNA from multiple generations of op244 and op241 strains. In op244 mutants grown at 20ЊC, we saw regulated following DNA damage, we isolated mRNA from adult wild-type and hus-1(op244)-irradiated worms a progressive loss of telomere sequence in late generations of worms ( Figure 5A ). As reported before, the ends and probed Northern blots with hus-1 cDNA. A single transcript of the expected size was seen in wild-type; of telomeres do not decrease in op241 mutants grown at 20ЊC [11] ; however, worms grown at 25ЊC did display however, the transcript was truncated and levels were dramatically reduced in the hus-1(op244) deletion mutelomere shortening (data not shown). In wild-type tant. Levels of hus-1 mRNA did not change significantly construct following exposure to ionizing radiation (Figure 6C) . Importantly, egl-1 levels did not increase in the 60 and 180 min after exposure to IR ( Figure 6A) .
In C. elegans, the BH3 domain protein, EGL-1, actihus-1(op244) deletion worms after irradiation ( Figures  6A and 6B) . These results are consistent with the hypothvates the apoptotic machinery. Furthermore, egl-1 is transcriptionally regulated in order to activate apoptosis esis that hus-1-dependent induction of egl-1 transcription is an important element of the apoptotic DNA damduring somatic development [26] . We subsequently hybridized the same blot to an egl-1 probe. We found that, age response in C. elegans and that it promotes the increased germ cell apoptosis observed following genoin wild-type young adults, egl-1 is induced by 60 min and increases by 180 min after irradiation (Figures 6A toxic stress. Recent work showed that the cep-1 gene, which enand 6B). Induction is significantly lower in glp-4(bn2) (a temperature-sensitive mutant that lacks a germline at codes a C. elegans homolog of p53, is required for DNA damage-induced germ cell apoptosis [12, 13]. In order the restrictive temperature) animals, suggesting that egl-1 induction is largely restricted to the germline (Figto determine if cep-1 is also required for egl-1 induction, we analyzed egl-1 expression by using real-time quantiure 6B). Consistent with this hypothesis, we found germline induction of an egl-1::gfp transcriptional reporter tative RT-PCR (Q-RT-PCR) before and after exposure to -1(op244), cep-1(w40), cep-1(gk138), and glp-4(bn2) In mice, all Hus1Ϫ/Ϫ embryos die by 11.5 days postcoitum (dpc) [30] , and this death is at least in part due Conclusions C. elegans HUS-1 is a conserved checkpoint protein to a high level of chromosome abnormalities, which result in increased apoptosis during embryogenesis. Simithat is required for DNA damage-induced cell cycle arrest and apoptosis. Following DNA damage, HUS-1 relolarly, we showed that, while worm HUS-1 is not absolutely required for embryonic survival, a significant calizes to putative sites of DSBs independently of the novel checkpoint protein RAD-5. HUS-1 is also required fraction of hus-1 embryos die during embryogenesis, likely due to genomic instability. However, we failed to for genome stability and telomere maintenance. We also demonstrate that HUS-1 checkpoint, but not essential detect any increase in somatic developmental cell death in hus-1 mutants (data not shown), and these findings genome maintenance, functions are dispensable for embryogenesis, suggesting a possible requirement for are consistent with our previous report that DNA damage does not induce somatic cell apoptosis [9].
HUS-1 in tumor suppression. DNA damage upregulates EGL-1 in a HUS-1-and CEP-1-dependent manner, proIn C. elegans, p53 function is essential for hus-1-medi- 
